Pompe disease, or glycogen storage disease type II, is an autosomal recessive disorder caused by the deficiency of lysosomal acid alpha-glucosidase (GAA EC 3.2.1.3) activity. The gene that encodes acid alpha-glucosidase has been mapped to chromosome 17q25. Classic infantile Pompe disease presents within the first months of life with hypertrophic cardiomyopathy, hypotonia, generalized muscle weakness, macroglossia, hepatomegaly, and storage of glycogen within all tissues. 1, 2, 3 Infantile Pompe disease typically progresses rapidly to death in the first year of life, primarily due to cardio-respiratory failure or respiratory infection. 2, 4, 5 Late-onset forms (juvenile-and adult-onset) of Pompe disease also exist, with symptoms manifesting primarily as muscle weakness. These late-onset forms of disease retain partial enzyme activity in fibroblasts and muscle. 1 The combined incidence of the different forms of Pompe disease is approximately 1:40,000. 6, 7 Clinical suspicion of disease is raised by presenting signs and symptoms. Serum creatine kinase (CK) elevation is a sensitive although non-specific marker for Pompe disease, with greatest elevations seen in infantile-onset patients. Approximately 95% of late-onset patients have an elevated CK. Serum enzymes such as aspartate aminotransferase (AST), alanine aminotransferase (ALT), or lactate dehydrogenase (LDH) may be elevated as well. Patients presenting in infancy have cardiomegaly on chest x-ray. Short PR intervals with tall and broad QRS complexes are characteristic findings on EKG. Echocardiography may reveal thickening of both ventricles and/or the intra-ventricular septum and/or left ventricular outflow tract obstruction. Muscle biopsy is often done in late-onset cases as part of the work-up for a myopathy. Lysosomal storage of glycogen is noted on histology; the caveat is that a diagnosis of Pompe disease can be missed since muscle histology and glycogen content can vary depending on the site of the muscle biopsy. Once a constellation of symptoms and laboratory findings suggestive of Pompe disease is noted, the confirmatory step is a GAA enzyme assay. This assay is usually done in muscle or cultured skin fibroblasts which are the current gold standards using maltose, glycogen, or 4-methylumbelliferyl-alpha-D-glucopyranoside (4MUG) as substrate.
Acid alpha-glucosidase, also known as acid maltase, catalyzes the hydrolysis of alpha-1,4 and 1,6-glucosidic linkages on glycogen, at acidic pH. 8 There are many isoenzymes of alphaglucosidase with a great deal of structural homology, which are coded for by different genes. This can confound diagnosis if enzyme assays with overlapping specificities, or cell types which express isoenzymes other than the one causing disease are used. The most prevalent isoenzymes include acid alpha-glucosidase, sucrase isomaltase, maltase-glucoamylase, glucosidase II, and neutral alpha-glucosidase. 8 Acid alpha-glucosidase and neutral alpha-glucosidase are ubiquitous. Maltase-glucoamylase (a renal isoenzyme) is prevalent in neutrophils, but not in lymphocytes. 9 With the advent of enzyme replacement therapy (ERT) as a potential treatment of Pompe disease, a quick and reliable screening assay is needed. A GAA enzyme assay in lymphocytes was evaluated for prediction of infantile Pompe disease, and compared to an established assay in cultured skin fibroblasts. Lymphocytes were used to avoid the renal isoenzyme found in neutrophils. The assay was performed at acidic pH, to avoid measurement of neutral alpha-glucosidase, also present in neutrophils. 10 In addition, acarbose, a competitive inhibitor of intestinal alpha-glucosidases (including sucrase-isomaltase) was used to minimize interference from other isoenzymes.
Fourteen patients clinically suspected of having infantile Pompe disease had GAA enzyme activity assayed in lymphocytes and cultured skin fibroblasts on a clinical basis. These patients were being screened for potential enrollment in openlabel clinical trials exploring the safety and efficacy of Chinese hamster ovary (CHO) cell derived recombinant human acid alpha-glucosidase (rhGAA) ERT. Inclusion criteria included a confirmed diagnosis of Pompe disease with an endogenous GAA activity of Ͻ1% of the normal mean in skin fibroblasts. Skin fibroblast samples were assayed for GAA activity at Duke University Medical Center. GAA activity was assessed by measurement of 4-methyl-umbelliferyl-␣-D-pyranoside cleavage at pH 4.3. Lymphocyte assays, performed at Children's Hospital and Regional Medical Center in Seattle, were done in order to begin the screening process rapidly for enrollment in ERT trials. All testing was performed with written informed consent obtained from each patient. Additional patient data in lymphocytes (n ϭ 11) without corresponding tissue enzyme activity is also reported from patients in whom the clinical diagnosis of infantile Pompe disease was suspected.
MATERIALS AND METHODS

Blood preparation
Five to ten mL of blood was received in ACD or heparin for enzyme assay. A Ficoll preparation was performed to isolate lymphocytes from other blood cells. Isolated lymphocytes were frozen at Ϫ20°C until assay. Normal laboratory volunteers and unidentified left over lymphocyte preparations from routine laboratory cell marker studies were utilized to establish a normal range (n ϭ 30). Lymphocyte samples from 27 infants suspected of having infantile Pompe disease were prepared and analyzed. Sixteen of these patients also had GAA enzyme assay performed in fibroblasts or muscle. Two patients with tissue enzyme data did not have lymphocyte GAA performed with acarbose.
Chemicals and reagents
All reagents were obtained from Sigma Diagnostics (St. Louis, MO) unless indicated. Substrate was 6 mM 4-methylumbelliferone-alpha-glucopyranoside, prepared in 10% 2-methoxyethanol (Fluka)/0.2 M phosphate citrate (PC) buffer, pH 4.3 (0.1 M citric acid, 0.2 M Na 2 HPO 4 in DI water). PC buffer (0.2M) was prepared as follows: add 2.1 g citric acid and 2.8 g Na 2 HPO 4 to 80 mL DI water in a 100 mL beaker, pH to 4.3, bring to a final volume of 100 mL with DI water in a volumetric flask. Inhibitor was acarbose (Toronto Research Chemicals); 100 M in 0.2 M PC buffer, pH 4.3, prepared fresh daily. Glycine Carbonate (GC) buffer, 0.17 M, pH 10.3 was prepared by adding 12.8 g glycine to 55-60 g of Na 2 CO 3 (this assures the pH Ͼ 10.1) in 1 liter of DI water. Four-methylumbelliferone (4-MU) standard was purchased from Calbiochem.
Lymphocyte assay conditions
Lymphocyte pellets were thawed, diluted with water to a protein concentration of 0.4 g/uL, and sonicated. The reaction mixture in each tube 11 consisted of 100 uL sonicated lymphocyte sample, which corresponds to a protein concentration of 0.4 g/uL, or 40 g/assay, 100 uL of 6 mM 4-MU-substrate, and 20 uL of 100 M acarbose. The concentration of acarbose used for routine assay was initially determined by incubating both lymphocytes and mixed leukocytes from a normal donor, with varying concentrations of acarbose (Fig. 1) . Acarbose was prepared as a 100uM/L solution in PC buffer, and diluted from 100 M/L to 6.25 M/L. A constant volume of 20 uL inhibitor was incubated in a total reaction volume of 220 uL. A concentration was chosen that inhibited activity in leukocytes until stability was achieved, without significantly inhibiting activity in a lymphocyte preparation. The final concentration used for each diagnostic assay was 9.1 M/L in the reaction mixture; 20 uL of 100 M/L acarbose.
The assay was set up for each patient sample with and without acarbose inhibitor. Two blank tubes (sufficient for the entire run), with 100 uL water replacing the lymphocyte sonicate were incubated with and without inhibitor along with patient samples. All tubes were incubated for 1 hour at 37°C. The reaction was stopped by the addition of 2.5 mL of 0.17 M GC buffer, pH 10.3. Lymphocyte sonicate (100 uL) was added to each blank tube after the reaction was stopped. Fluorescence was measured on a Shimadzu spectrofluoromter. The amount of 4-MU released from substrate was equivalent to the amount of substrate metabolized.
Calibration curves were created with 4 MU working standard diluted with GC buffer to cover a range of 0.04 -11.9 nmoles. Nanomoles 4MU released in the assay were calculated from a calibration curve. Enzyme activity was expressed in nmole/hour/mg protein.
Skin fibroblast or muscle assay conditions
GAA activity was measured in the tissue homogenates or skin fibroblast sonicates by conversion of the artificial substrate (4-MUG) to the fluorescent product umbelliferone at acidic pH 4.3. 12, 13, 14 The reaction was also carried out at pH 6.7 using 4-MU for measuring the interfering cytoplasmic neutral alpha glucosidase. Acid ␤-galactosidase at pH 4.0 was used as a control. Enzyme activity is expressed as nmoles/hour/mg protein.
RESULTS
Normal control range
A normal range for acid-alpha-glucosidase activity in lymphocytes with acarbose as inhibition (n ϭ 30) was established as 35 nmole/hour/mg protein, with a SD of 16. Unaffected individuals ranged in activity from 26 to 81 nmole/hour/mg protein. The normal range for lymphocyte GAA activity without the addition of acarbose was 73 nmole/hour/mg protein, with a SD of 43. The range of activity was 33-177 nmole/ hour/mg protein. In general, use of acarbose inhibits enzyme activity by approximately 48% in isolated lymphocytes from normal individuals. The reproducibility (coefficient of variation) of this assay in a normal range was 20%.
Affected patient range (infantile-onset)
Fourteen patients suspected clinically of infantile Pompe disease were tested in lymphocytes (with acarbose) at CHRMC, Seattle, WA, with parallel testing in fibroblasts or muscle performed at DUMC, Durham, NC, a laboratory with years of experience with the GAA assay (See Table 1 ). Lymphocyte GAA data from an additional eleven infant patients sent for routine enzyme confirmation of clinical disease are also presented. The mean enzyme activity with acarbose inhibition for affected patients was 2.4 nmole/hour/mg protein, with a SD of 2.8. GAA lymphocyte activity in patients ranged from undetectable to 7 nmole/hour/mg protein, which correlates to 10% activity or less in an affected individual. The cut off for infantile Pompe disease for lymphocyte GAA activity with acarbose was set at Ͻ8 nmole/mg/protein or Ͻ10% of the upper limit of normal. One patient had enzyme activity of 12 nmole/hour/mg protein, which is lower than any unaffected individual seen, but above the range established for diagnosis of disease. All fourteen patients with tissue available for correlation were clearly enzyme deficient in fibroblasts or muscle ( Table 1) . The GAA activity measured in lymphocytes of affected patients without acarbose shows an overlap with the range seen in normal individuals, which would result in calling approximately 50% of affected patients normal (Fig. 2) . Two patients with Pompe disease listed in Table 1 did have deficient GAA enzyme activity without acarbose, but the sample was insufficient to run with inhibitor (patients 5 and 7).
DISCUSSION
Recent clinical trials of ERT with recombinant human acid alpha glucosidase (rhGAA) from transgenic or Chinese hamster ovary (CHO) cell lines have been promising; ERT has been well tolerated in infants without serious adverse affects. 15 Clinical improvement has been observed in cardiac size and function, motor function, ventilator dependence, and survival. 4, 16, 17, 18, 19, 20 For the first time there is hope for patients with this often fatal disease. With the likelihood of ERT becoming available in the near future and other therapies on the horizon, early disease recognition is of paramount importance to enable patients to receive treatment as early as possible. In infants, this recognition is critical, as the available window of time for treatment after diagnosis is extremely short. Two recent studies have concluded that the natural history of infantile Pompe disease has changed little since its original description, with death prior to the first year of life. 4, 5 The median age at diagnosis in these studies ranged from 4.5-5.3 months, with the median age of death from 6 to 8.7 months.
Lymphocyte testing offers a clear time advantage over fibroblast or muscle assays, since testing can be performed immediately after lymphocyte preparation. The disadvantage of the widely accepted skin fibroblast assay is the time needed for fibroblasts to grow to confluency in culture (four to six weeks). The major disadvantage of a muscle biopsy for muscle assay is the high anesthesia risk in patients with Pompe disease. 21 While a blood draw is less invasive than a biopsy, the volume of blood needed (10 mL) can be significant in a low weight infant. Concerns about ambiguous results following blood transfusion are also valid, and should be considered when interpreting GAA activity in lymphocytes that fall between a normal and affected range. Lymphocyte activity without acarbose inhibition is unreliable, and can result in missed diagnosis.
The concept of isoenzyme inhibition has been used by others, specifically with newborn screening applications. Chamoles et al 22 reported the use of maltose as an inhibitor to measure GAA in blood spots. Li et al 23 have previously reported the use of acarbose for isoenzyme inhibition in blood spots in a GAA assay developed for tandem mass spectrometry. Similar inhibition of acid alpha-glucosidase in polymorphonuclear cell lysates was observed. Immunological capture and quantitation of enzyme activity is another approach to more specific GAA measurement in blood. 24 While infantile Pompe disease is characterized by a complete absence of enzyme activity, late-onset patients may display partial activity. The level of acarbose inhibition of GAA may show overlap with normal individuals in patients with late-onset Pompe disease. When enzyme activity is indeterminate, looking at the percent inhibition accomplished by the acarbose is helpful in distinguishing normal from affected individuals. Normal individuals show a mean of 48% activity reduction with the addition of acarbose as inhibitor. Patients with infantile Pompe disease show approximately 83% inhibition with the addition of acarbose.
Lymphocyte enzyme activity without acarbose inhibition in affected individuals is variable, and as can be seen in Table 1 , approximately 50% of the patients tested would be misclassified without acarbose inhibition. When lymphocytes are isolated immediately from fresh blood, the lymphocyte yield with Ficoll is higher, and the enzyme assay without acarbose inhibition is more likely to accurately reflect disease status. Cell counts on lymphocytes prepared from fresh blood averaged 90 -99% lymphocytes. Delays in processing and contamination with polymorphonuclear cells may contribute to higher activity seen with enzyme assay without acarbose. Cell counts on representative samples prepared with Ficoll 24 hours or later after the blood draw generally reflect reduced purity in the lymphocyte population with a broad range of purity (28 -81% lymphocytes, with a mean of 48%). Demonstration of deficient enzyme levels in patient blood prepared after 24 hours indicates that acarbose successfully inhibits isoenzymes found in neutrophils so that this degree of neutrophil caontamination does not affect results. Since the GAA assay with acarbose has successfully been performed in blood spots, 23 it is likely that the GAA assay with acarbose would successfully detect disease in a mixed white cell sample as well. We have been unable to validate this thoroughly by preparing and testing cells from a Ficoll lymphocyte prep and a total white cell prep, since insuf- ficient sample has been available to prepare two different white cell preps in affected patients. All patients with infantile onset, with the exception of patient #4, would be accurately assessed as affected with the acarbose inhibition. Patient #4, with an activity of 12 nmole/ hour/mg protein, has lower activity than has been seen in an unaffected individual, however. In addition, the 60% reduction in activity was higher than seen in an unaffected individual. This patient would not be interpreted as normal, but would require confirmation of disease in cultured fibroblasts or muscle. Since enzyme activity in fibroblasts from this patient was Ͻ1% of the normal mean, it is unlikely that higher enzyme activity in lymphocytes accurately reflects a degree of residual enzyme activity. Residual enzyme activity and projection of a milder phenotype cannot be determined by the lymphocyte assay.
Caution should be used in interpreting lymphocyte enzyme activity in late-onset patients until more data has been collected. We have documented deficient lymphocyte enzyme activity in five patients with late-onset disease (data not presented), however, a study on a larger number of late-onset Pompe patients and comparison of tissue and lymphocyte activity needs to be done before utilizing lymphocyte activity alone for late-onset diagnosis. Furthermore, gene sequencing for causative mutations is recommended in cases where the diagnosis is in question. Overlap of GAA activity in fibroblasts can be seen between some late-onset patients and the normal unaffected control range, which could potentially result in misdiagnosis. Clinical correlation with laboratory findings (enzyme activity and mutation analysis) is very important in such instructive cases. We do not know the range of lymphocyte GAA/acarbose enzyme distribution expected in late-onset patients at this time; caution must be taken when interpreting these results.
We consider the lymphocyte assay with acarbose to be a valuable diagnostic tool, but do not anticipate that we will be able to accurately assess degree of partial enzyme activity remaining or predict phenotype. The overall sensitivity of the lymphocyte assay in infantile onset Pompe disease with acarbose is 92.8% with a specificity of 100%. The positive predictive value of the test is 100%; patients with Ͻ 10% enzyme activity all had clinical disease.
